Applicability of the Ge(n,γ) Reaction for Estimating Thermal Neutron Flux  by Nikolov, J. et al.
 Physics Procedia  59 ( 2014 )  71 – 77 
Available online at www.sciencedirect.com
1875-3892 © 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of Guest Editor: Mr. Stephan Oberstedt - stephan.oberstedt@ec.europa.eu
doi: 10.1016/j.phpro.2014.10.011 
ScienceDirect
GAMMA-2 Scientific Workshop on the Emission of Prompt 
Gamma Ray in Fission and Related Topics 
Applicability of the Ge(n,γ) reaction for estimating thermal neutron 
flux  
J. Nikolova,*,Ž. Medića, N. Jovančevića,b, J. Hansmana, N. Todorovića, M. Krmara 
 
aUniversity Novi Sad, Physics Department, Faculty of Sciences,Trg Dositeja Obradovica 4, 21000 Novi Sad, Serbia 
bEuropean Commission, Joint Research Centre, Institute for Reference Materials and Measurements, Retieseweg 111, 2440 Geel, 
Belgium 
 
Abstract 
A simple experimental setup was used to measure gamma lines appearing in spectra after interactions of neutrons with Ge 
in the active volume of a high-purity germanium detector placed in a low-background shield. As source of neutrons a 
252Cf spontaneous fission source and different thicknesses of PVC plates were used to slow down neutrons. A cadmium 
envelope was placed over the detector dipstick to identify the effect from slow and fast neutrons. Intensities of several 
characteristic γ-lines were measured, including intensity of the 139.9 keV γ-line from the reaction 74Ge(n,γ)75mGe, usually 
used for estimation of thermal neutron flux. Obtained results signify that only a part of the detected 139.9 keV γ-rays 
originate from thermal neutron capture. Some preliminary results indicate that in our detection setup thermal neutron 
capture contributes with 30% to 50% to the total intensity of the 139.9 keV γ-line, depending on the thickness of the PVC 
plates. 
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1. Introduction 
Reduction of gamma-background has been always a crucial matter of concern in all low-background 
measurements using gamma spectroscopy. Sometimes the only practical method for improving detection 
limits of rare processes is reducing the number of background events. Neutrons are an unavoidable source of 
background events, even in well-shielded detectors. Detailed understanding of the various aspects of neutron 
production and interactions with detection systems is one of the most important requirements of contemporary 
low-background experiments. 
In experiments, where a high-purity germanium (HPGe) detector is exposed to neutrons, five natural 
isotopes of germanium interact with it producing gamma radiation. The most probable interactions are 
inelastic scattering with fast neutrons and thermal neutron capture. When inelastic scattering and capture 
reactions take place in the active volume of an HPGe detector characteristic γ-lines arise in the spectrum. After 
inelastic scattering typical broad and asymmetric gamma peaks showing a high-energy tail appear; 596.4 keV 
(74Ge(n,n’)74Ge) and 691.4 keV (72Ge(n,n’)72Ge) are the most prominent ones. The most intensive γ-lines 
following neutron capture are at 139.9 keV (74Ge(n,γ)75mGe) and 198.4 keV (70Ge(n,γ)71mGe) having standard 
Gaussian shapes. Both types of γ-peaks can be used in order to characterize the neutron field, especially in 
low-background detection systems. A reduction of background events detected is sometimes the only method 
for improving detection limits in experiments following effects of rare decay processes (Heusser, 1994; 
Heusser, 1995; Guiseppe et al., 2009; Haines et al., 2011). Neutrons are an almost unavoidable source of non-
desired background even in very sophisticated data acquisition systems used in gamma spectroscopy. There 
are several sources of neutrons: spontaneous fission of U or Th, (α,n) reactions (Feige et al., 1968), neutrons 
created through cosmic muon capture, muon-induced spallation reactions, photo-nuclear reactions etc. 
(Gaisser, 1990; Da Silva et al., 1995; Kudryavtsev et al., 2003; Croft et al., 2003). In order to improve the 
performance of low-background detection systems, the flux of neutrons and all effects associated with neutron 
interactions should be well known.  
 
The intensity of the 139.9 keV γ-line was usually used for estimating the thermal neutron flux at the 
position of an HPGe-detector (Škoro et al., 1992; Niese 2008). There are several ways to classify neutrons 
according to their energy, from cold to relativistic. Theory says that neutrons in thermal equilibrium with the 
surroundings are thermal neutrons. Per definition the energy of thermal neutrons is 0.025 eV, and at 20°C the 
Maxwell distribution of thermal neutrons extends to about 0.2 eV. In practice, the simplest way to distinct 
neutrons in energy groups can be carried out by the use of a cadmium filter. Neutrons below cadmium cut-off 
(about 0.4 eV) are called slow neutrons. The cadmium isotope 113Cd can separate neutrons in two groups 
because the neutron capture cross section has a prominent peak at energies below 0.4 eV. However, for most 
other nuclides, including several natural germanium isotopes, the neutron capture cross section in in the eV-
region is uniformly decreasing with increasing energy without steep changes as it is in the case of 113Cd. It 
means that some sharp changes in the neutron capture of natGe between thermal (slow) and other neutrons 
having higher energies (epithermal) cannot be expected. Final consequence is that the 139.9 keV radiation, 
usually used for estimating the thermal neutron flux, can be emitted after capture of thermal as well as 
epithermal neutrons. 
This paper presents an attempt in estimating to what extent epithermal neutrons contribute to the total 
intensity of the 139.9 keV γ-line detected after the exposure of a HPGe detector to fission neutrons emitted by 
252Cf following spontaneous fission. 
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2. Experimental setup 
A simple experimental setup was designed for the measurements shown in Fig. 1. An n-type, coaxial 
closed end HPGe detector with horizontal dipstick and relative efficiency of 22.3 %, was used in the 
experiment. The detector is located in a 1 m3 wide iron chamber having 25 cm thick walls. The chamber was 
made of 20 tons of pre-World War II iron. 
The HPGe detector was exposed to neutrons from the reaction 252Cf(sf). A large Marinelli container (inner 
diameter 10.6 cm, outer diameter 16.0 cm, height 20.5 cm, top thickness 3.0 cm) made of 2 mm thick PVC 
was filled with melted paraffin and located (top down) below the HPGe crystal as shown in Fig. 1. The 252Cf 
source was placed in the Marinelli container. The distance between the 252Cf source and the detector was 
about 25 cm. The neutron source emitted 4.5 × 103 neutrons per second into 4π sr. When the measurements 
were carried out the 252Cf source was very old and a 2 cm thick iron disc was placed on top to attenuate 
gamma radiation of accumulated fission products. At the open end of the Marinelli container, between 252Cf 
source and HPGe crystal, PVC plates were laid down up to a maximal thickness of 9.3 cm. The purpose of 
PVC plates was to slow down neutrons arriving from the 252Cf source to the detector. Six different thicknesses 
of PVC were chosen. For any thickness two spectra were recorded: one with the naked detector and one with 
the detector crystal canned in a 1 mm thick natCd tin. The Cd-cap prevented thermal neutrons to reach the 
active volume of the HPGe detector.  
 
Characteristic measurement times for one spectra reached up to 160 × 103 s (two days), because the used 
252Cf source was weak at the time of measurements. The GENIE program package was used to calculate 
intensities of gamma lines appearing in measured spectra. 
 
 
Fig. 1. Scheme of the experimental setup 
3. Results and Discussion 
A number of γ-lines were detected and identified in the collected spectra. Besides characteristic γ-radiation 
emitted after neutron capture or inelastic scattering on germanium nuclei, prominent gamma lines at 2223 keV 
(1H(n,γ)2H), 846.8 keV (56Fe(n,n’)56Fe), 517 keV (35Cl(n,γ)36Cl) appeared in all spectra. It is interesting to 
note that intensities of γ-lines originating from neutron capture in PVC showed an increasing trend with 
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increasing PVC thickness. In spectra measured with Cd-cap covering the detector, the 558.5 keV and 651.3 
keV γ-lines following 113Cd(n,γ)114Cd reaction are found. The γ-line at 558.5 keV is even the most prominent. 
 
The primary task of PVC plates inserted was to slow-down neutrons and to reduce their energy through 
elastic scattering. Figure 2 shows dependence of 691.3 keV γ-peak on PVC thickness (black squares show 
measured intensity without Cd envelope and red circles are intensities of 691.3 keV γ-peak measured with Cd 
cap). Fast neutrons non-elastically scattered at 72Ge nuclei produce this line. It can be seen that the intensity of 
the asymmetric γ-line at 691.3 keV measured with maximum thickness of PVC is about 2.5 times lower than 
without PVC. A similar trend is observed for the intensities of other asymmetric peaks originating from (n,n’) 
reactions. It means that PVC reduced the number of fast neutrons able to excite germanium nuclei through 
inelastic scattering by about 2.5 times. Most probable mechanisms can be slowing-down of energetic neutrons 
and removal from the beam by off scattering. The intensity of (n,n’) peaks shows that the Cd can has no 
significant influence on the general trend.   
 
 
 
Fig. 2. Intensity of the 691.3 keV gamma peak as a function of the PVC thickness 
A similar analysis was performed for the 558.5 keV and the 651.3 keV γ-lines from neutron capture in 
113Cd. The obtained results are presented in Fig. 3.  
 
Having in mind a large difference between the thermal neutron capture cross-section and the resonance 
integral for 113Cd (Gryntakis, Kim, 1974) it can be supposed that the 558.5 keV and 651.3 keV γ-lines are 
produced by thermal neutron capture mostly. From results presented in Fig. 3 it can be concluded that the 
intensities of of both γ-lines did not depend on PVC thickness at all. It means that the number of thermal 
neutrons at the detector (with Cd tin) was constant. The number of thermal neutrons is a result of some 
dynamic balance: thermal neutrons are produced by slowing-down and thermalizing in the PVC plates and 
other low Z materials, and at the same time, thermal neutrons were captured by all surrounding materials. 
Results presented in Fig. 3 show that adding PVC plates in our experimental setup can reduce the number of 
fast neutrons at the place of the detector by a factor 2.5. However, it leaves the number of thermal neutrons 
constant, i.e. the number of thermalized neutrons compensates the number of thermal neutrons captured.   
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(a) (b)  
Fig. 3. Dependence of line (a) 558.5 keV and (b) 651.3 keV on PVC thickness 
It should be interesting to analyze intensity of 139.9 keV γ-line in the light of the fact that the number of 
thermal neutrons at the detector is constant and not dependent on the thickness of the PVC layer. 139.9 keV 
photons are emitted after transition from the exited isomer state (T1/2 = 47.7 s) to the ground state of 75Ge 
produced by neutron capture. Obtained values of 139.9 keV γ-intensities are shown in Fig. 4. Evidently, in 
both measurement geometries, with and without Cd shield, the intensity of the 139.9 keV line shows a mildly 
decreasing trend. 
 
 
Fig. 4. Intensity of the 139.9 keV gamma line as a function of PVC thickness 
In the simplified model where the Cd shield stops all thermal neutrons, the 139.9 keV γ-line measured with 
Cd cap was supposed to originate from capture of fast neutrons by 74Ge. In spectra recorded without Cd cap, 
capture of both slow and fast neutrons produce the 139.9 keV radiation. Contribution of thermal neutron 
capture to the total intensity of the 139.9 keV gamma line, for some chosen thickness of the PVC, can be 
obtained by simple subtraction of the measured 139.9 keV γ-yield measured with Cd cap from that measured 
without Cd envelope. The result of this subtraction is shown at Fig. 5. 
 
It can be seen that part of the intensity of the 139.9 keV γ-line originating from capture of thermal neutrons 
is not dependent on the thickness of the PVC layer. It is in very good agreement with results presented in Fig. 
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3. If thermal neutron flux at the detector is not dependent on plastic thickness, as it illustrates the γ-lines of 
114Cd, it can be expected that the contribution of thermal neutron capture to total intensity of the 139.9 keV γ-
line should be constant (cf. Fig. 5).  
 
 
Fig. 5. Calculated intensity of the 139.9 keV gamma line originating from capture of thermal neutrons only as a function of PVC 
thickness. 
Data presented in Fig. 5 shows the count rate into the 139.9 keV γ-line from thermal neutron capture on 
74Ge to be about 0.005 s-1. In the measurement without PVC plates the total intensity into that γ-line measured 
without Cd envelope is about 0.015 s-1. We conclude that thermal neutron capture contributes to about 30% to 
the total intensity of the 139.9 keV γ-line. However, additional plastic plates reduced number of fast neutrons 
(cf. Fig. 2). In the case of maximum thickness of the PVC layer the contribution of thermal neutrons to the 
total intensity at Eγ = 139.9 keV is about 50%. 
4. Conclusion 
We measured γ-lines appearing in spectra after interactions of neutrons with germanium and other 
materials surrounding the HPGe detector. Source of neutrons was 252Cf(sf), and PVC plates were used to 
slow-down neutrons before interacting with the detector. Intensities of γ-lines appearing in spectra after 
inelastic scattering of fast neutrons on natural isotopes of germanium showed that in this simple setup the 
number of fast neutrons can be reduced more than 2.5 times. A Cd cap placed over the detector was used to 
eliminate thermal neutrons before reaching the active volume of the HPGe detector. By standard technique 
used in neutron activation analysis, where detectors are exposed to neutrons with and without Cd envelope, 
influence of fast neutrons is subtracted and contribution of slow neutrons on the total intensity of 139.9 keV γ-
line was estimated. In the case when fission neutrons from 252Cf reach detector without slowing-down in PVC 
plates, slow neutrons contribute to just about 30 % to the intensity of the 139.9 keV γ-line. For a maximal 
thickness of the PVC used in this experiment (9.3 cm) thermal neutrons contribute to about 50% to the total 
intensity of  the 139.9 keV γ-line.  
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